While log law is an equation theoretically derived for near-bed region, in most cases, power law has been researched by experimental methods. Thus, many consider it as an empirical equation and fixed power law exponents such as 1/6 and 1/7 are generally applied. However, exponent of power law is an index representing bed resistance related with relative roughness and furthermore influences the shapes of vertical velocity distribution. The purpose of this study is to investigate characteristics of vertical velocity distribution of the natural rivers by testing and optimizing previous methods used for determination of power law exponent with vertical velocity distribution data collected with ADCPs during the years of 2005 to 2009 from rivers in South Korea. Roughness coefficient has been calculated from the equation of Limerinos. And using theoretical and empirical formulae, and representing relationships between bed resistance and power law exponent, it has been evaluated whether the exponents suggested by these equations appropriately reproduce vertical velocity distribution of actual rivers. As a result, it has been confirmed that there is an increasing trend of power law exponent as bed resistance increases. Therefore, in order to correctly predict vertical velocity distribution in the natural rivers, it is necessary to use an exponent that reflects flow conditions at the field.
Introduction
In most cases, velocity profiles in wide open channels are expressed by either log law or power law. These laws are widely used not because they are theoretically perfected but rather because they are relatively more correct in representing actual vertical velocity profiles. And it is more so in terms of engineering approach especially when power law is used. While log law is theoretically derived and universally applied to open channel flow, power law has been studied using experimental methods. However, although log law is derived from theoretical backgrounds, it doesn't necessarily mean that it can be applied throughout the entire depth zone. Log law is originally derived for inner region, which is about 20% of the entire depth. As velocity distribution in the outer region is affected by wake, it deviates extrapolated line from the classical log law. On the other hand, because power law is simple to use and can define the entire flow region into one equation, when it is applied to application programs of measuring devices like ADCPs, it is used in calculating velocities in the unmeasured zones that are near both water surface and riverbed to determine discharge [1, 2] . However, in case of power law, the problem is to find how exponent is going to be determined when power law is applied to actual rivers. Generally, 1/6th or 1/7th powers are widely used as exponents of power law. Since vertical velocity change rate differs according to what number is used as the exponent, it is considered as an important factor to minimize the error in discharge measurements using ADCPs. For this reason, a recent work recommends that it is desirable to use an power law exponent obtained from normalized velocity profiles of the entire cross section and multiple transects [3] .
Most previous studies concerning determination of power law exponent have merely dealt with values from 1/4 to 1/12 according to whether flow condition is hydraulically smooth or fully rough, because power law exponent varies with Reynolds number or relative H.-E. LEE ET AL. 934 roughness [4, 5] . Although some studies presented the relationship of the power law exponent in association with bed resistance through theoretical derivation and with experimental data [4, [6] [7] [8] , because of the assumptions within these equations, they should be appropriately validated before it is actually applied to river channels.
Due to inevitable use of power law to extrapolate bottom and top velocities during moving-vessel ADCP measurements, significance of its exponent was noticed by an early ADCP study [9] . Some studies on postprocessing of ADCP data also treated instantaneous vertical velocity distribution, but they either use log law or accept common value of power law exponent, i.e. 1/6 without special consideration [10, 11] . Recent studies focused on vertical velocity distribution model (including log and power laws) as an element of uncertainty [2, 12] . More lately, a computer model named extrap was developed for the need of field hydrologists to practically set the power law exponent based on actually measured data [3] . Similarly, Le Coz et al. [13] used measured transect data to make vertical velocity distribution function apply to fixed, side-looking acoustic profilers. However, for proper use of power law exponent, general guideline based on sound theoretical background should be provided.
The purpose of this study is to express streamwise of vertical velocity distribution of actual river channel using power law and to determine power law exponent appropriate for flow condition of natural river channels. First, the theoretical relationship between power law exponent and bed resistance was analyzed by comparing depth-averaged and maximum velocities. In order to examine whether the previous power law exponent equations in [4, [6] [7] [8] can appropriately represent vertical velocity distribution of actual rivers, these equations were evaluated using ADCP data acquired from several natural rivers of South Korea during the period between 2005 and 2009. Also, it was investigated whether it is valid to use the widely used fixed exponents like 1/6 or 1/7 and vertical velocity distribution using them was compared with that from the power law exponent equation both quantitatively and qualitatively. By doing this, we propose a method to reproduce realistic vertical velocity distribution considering roughness condition of riverbed.
Background-Power Law and Flow Resistance
In open channel flow, velocity at a certain point above the riverbed can be expressed as a form of power function using depth ratio. Therefore power law can be expressed as follows.
where, is stream-wise time-mean velocity and is upward bed-normal distance above datum. a u is velocity at point where it is vertically deviated from river bottom.
u y a 1 m is power law exponent. When Equation (1) is applied to the near-bed flow region, can be replaced by the shear velocity, and replaced by vertical point of zero velocity, 0 with an additional coefficient before the right hand side. 0 is also replaced by either the wall unit, is the kinematic viscosity coefficient of water) for a smooth bed, or the roughness height, s k for a rough bed.
On the other hand, universal equation of logarithmic law (shortly, log law) which represents vertical velocity distribution of flow together with power law is as follows.
where,  is von Karman constant, which is approximately 0.41. Log law is well defined because von Karman constant is already experimentally determined whereas power law has some restrictions in usage because exponent 1 m varies with Reynolds number and roughness of bed [8] . Nevertheless, although log law is theoretically correct both for inner and overlap regions, because power law can be applied to the whole flow region, the merit of power law stands where it can simply represent vertical velocity distribution of a river given problems involving 1 m are solved.
There are many studies on dealing with power law for both pipe and open-channel flows. According to Chen, each value has its effective and applicable flow condition based on Reynolds number and bed material type. The exponent m m 1 m , derived from Manning equation, has a value 1/6 and can be globally applied to actual river channel flow both practically and theoretically. The one-seventh power equation known as Blasius formula is often used for hydraulically smooth flows, while Lacey's one-fourth power formula is accepted as suitable one for alluvial channel or gravelbed river flow [4] . Thus, power law exponent is an index that reflects flow resistance of a river and there have been continuous efforts to find a suitable value for a variety of flow conditions based on theoretical analysis on the characteristics of power law exponent. m Extension of application of log law to outer region by integrating Equations (1) and (2) for entire depth brings about Equations (3) and (4), respectively.
where, is depth-averaged streamwise velocity and U H is water depth. Also, when y H    max u u  is applied to Equations (1) and (2) to bind with Equations (3) and (4) respectively, the following equations can be obtained.
Combination of Equations (5) and (6) by elimination of max * u u results in Equation (7) 
Therefore, as derived above, power law exponent may be expressed as a function of flow resistance. And this means that is a function of Reynolds number and relative roughness of a riverbed. Relationship between power law exponent and flow resistance shown in Equation (7) has also been suggested in both Hinze [6] and ISO (International Organization for Standard) report [7] .
The value 1.2 in the right side of the Hinze equation is replaced by 1.16 to make Equation (7) . And if we include a term that changes with Chezy's coefficient instead of constant from Equation (7), ISO equation (Equation (10) can be obtained.

Furthermore, focusing on the fact that log law is an equation theoretically suitable for overlap region and the fact that power law can be derived from first-order approximation of log law, Cheng proved that power law exponent is a function of ratio between the thickness of the inner region and hydrodynamic roughness length [8] . Since both in power law and Darcy-Weisbach friction factor m f are functions of relative roughness height and Reynolds number, Cheng proposed an empirical relation connecting the two using relationship of equation on f with obtained from Nikuradze's experiment [8] .
Each equation on power law exponent above mentioned has some assumptions related to its derivation process or underlying data that they are based on. For example, Chen assumed that velocity profile for outer region follows log law as well, while equations by Hinze and Cheng applied experimental results on pipe flow to open-channel. Hence, in order to study actual flow of a natural river using the power law, one has to be able to predict power law exponent suitable for each flow conditions, and for this, there need to be comparing processes of power law exponent equations suggested prior with vertical velocity distribution in actual rivers.
Field Measurements by ADCPs
Providing flow measurement in a fast and simple manner, acoustic Doppler current profilers (ADCPs) are widely used in field measurement in natural rivers. Since ADCP generally finds vertical velocity distribution within a few seconds, it can be used to getting cross-sectional velocity distribution and discharge by simply transecting a river. However, when flow is measured using ADCP, there are immeasurable zones near water surface and riverbed because of instrumentally inherent limitation. Because of that, ancillary ADCP software includes equations that can extrapolate upper and lower unmeasured zones using the data from the middle measured zone. In this case, power law is used to calculate the flow velocity of immeasurable zones where 1/6 is widely used as the default exponent of power law. Therefore, discontinuity may occur between measured velocities and extrapolated ones from the power law on 1/6th power.
In this study, power law exponent was evaluated according to different flow conditions using vertical velocity distribution data measured with ADCP at natural rivers in South Korea. Measurement was mainly made during summer flood seasons of years 2005 to 2009 at 11 river sites with different widths, depths, and bed material sizes ( Table 1) . Representative bed material size for each site is expressed as d 50 that lies in the range of 0.007 to 0.158 m. The map of the measurement sites and the photo of actual measurement scene are given in Figure  1 .
Two Sontek three-beam ADCPs were used for mea- surement, each has acoustic frequency of 1.0 MHz and 3.0 MHz. And these ADCP were installed onto a platform that was hung down from a bridge onto the river surface using a rope (Figure 1) . The ADCP-mounted platform was not immobile at a fixed position, but actually moved with flow of water. Thus, measurement position was often changed with time as there could be pitching and rolling motions while vertical velocity distribution data were being obtained. However, considering that velocity vectors measured by the ADCP are spatially averaged and that covered area by three different acoustic beams is small compared to entire width, the effect of the motion of platform on velocity measurement is negligible. In this study, the 1.0 MHz ADCP was used for deeper water with depth of 4m or more, the 3.0 MHz ADCP was used for shallower water with depth of 4m or less and these measured data of vertical velocity distribution have measurable area ratio of 60% to 70% to the total depth. Instantaneous velocities at one point fluctuate continuously due to turbulence. They should be temporally averaged for being meaningful data from engineering viewpoint. The ADCP measures one instantaneous vertical velocity distribution every 5 seconds for each ensemble. Although each velocity ensemble obtained every 5 seconds is an average of it in the 5 second duration, measurement should be made for a long period of time to allow sufficient time-averaged flow because there are temporal fluctuations in a continuous measurement at each point. But this "sufficiently long period of time" to determine true value for a mean velocity differs for each investigation [14] . In this study, time-averaged velocity distribution data over 60 seconds were used for assessing power law exponent equations.
Evaluation of the Power Law Exponent Formulas

Power Law Exponent Formulas and Practical Vertical Velocity Distribution
The following form of power law equation was fitted to measured data listed in Table 2 in order to examine 
where, is Manning roughness coefficient and is hydraulic radius. Limerinos' formula was established based on 50 data obtained from gravel-bed rivers in California. In his study, 50 has a range of 6 mm to 253 mm. In this study, instead of hydraulic radius, depth was used because all sites are very wide and shallow channels where the width is more than 10 times depth.
n R d
Equations on power law exponent proposed by Hinze (Equation (9)), Chen (Equation (7)), ISO (Equation (10) 
where,
. nobs is measured velocity at the th cell from water surface and . neq is the calculated velocity for the corresponding position.
u n u Table 3 shows results from three different groups: data from Jeoksung and Yeoju sites that are expected to have relatively high ( less than 4) and small ( larger than 6) bed resistances, respectively, and data from Namhangang site, which has a moderate bed resistance. Comparison of calculated vertical velocity distribution based on by each equation with measured one shows that Chen's equation (Equation (7)) gives out the most similar values for 4 among 18 cases, but Hinze's equation (Equation (9)), ISO (Equation (10) (11)) give out the most similar values for 3, 2, 1 cases, respectively. Also, Common power law equations with 1/6 and 1/7 as exponents give best fit for 2 and 6 cases respectively. However, when the value in Equation (14) is added to all cases in Table 3 as they are expressed as summation, we can see equation by ISO gives out the best overall result according to each case. When examined site wise, calculated of Jeoksung in Table 3 Sum of Equation (14) 1.5027 four equations lie in the range of 4.00 to 5.18 and calculated velocity profiles show distribution closer to actual measurements compared with 1/6th power equations. However, in the case of the Yeoju site which has finer bed material, because the calculated lies in the range of 5.60 to 6.94 which is relatively higher than values of Jeoksung or Namhangang, the difference of vertical velocity distribution calculated using from the four equations is not large compared with one calculated using 1/6th and 1/7th powers. Although 4 among 6 cases showed best approximation to 1/7th power equation, the difference in value of Equation (14) was slight. As we have seen previously in 4.1, equations suggested for power law exponent are not applicable to all rivers. Previous equations on power law exponent including the one by ISO [7] well reproduce the vertical velocity distribution of the rivers with relatively large bed resistance, however, with decreasing bed resistance, the their advantage over 1/6 or 1/7 powers becomes minimal. There are a number of studies that differentiate power law exponent of the flow over rough bed with that over smooth bed. Although many articles indicate that 1/6 is generally accepted as a power law exponent, on the other side, some articles indicate that there may be significant change in the power law exponent for the flow over rough bed [4, 8, 16] . According to Chen [4] , power law exponent varies with Reynolds number and relative roughness. For every power law exponent, there is a specific range of * u u (or 0 y y ) where plots of power law and log law coincide. The 1/6th power law encompasses a considerable range of Reynolds number and coincidence zone of 0 y y with the log law. Since application range of the 1/6th power law includes considerable part of application range of the power law with smaller exponent, power law with fixed exponent 1/6 may be sufficient for most rivers even in smooth bed condition. However, for extreme cases such as rivers where there is large scale bed roughness due to coarser bed material, conventional 1/6th power law does not agree with log law and larger exponent is required. And according to Smart et al. [16] , the power law exponent can increase to 1/2 in high relative roughness conditions. And so he recommends 1/4th power for the range below is more sensitive to bed material size over rough bed rather than over smooth bed. Therefore it concludes that a value greater than 1/6 should be used as a power law exponent for rough bed condition [8] . , data are separated into those that will use fixed exponents and those that will use increased exponent (1/4) following the increase in flow resistance. In this study, because depth in the vertical is used as hydraulic radius instead of volumetric hydraulic radius , it is expected there will be multiple times differences between those two, but considering relative ratio of the sizes of bed materials in each measurement site, the effects caused from the difference between v and are relatively small. Therefore, it was concluded that 
Conclusions
Power law is a simple and convenient method for representing vertical velocity profile of natural rivers, but it is generally known as an empirical equation. This is because there is a relatively weak theoretical background to power law, especially because it seems that there are insufficient bases to apply specific exponents to rivers with specific flow conditions. Because previous equations used to determine power law exponent are derived from relationship with log law or are based on the data acquired from laboratory experiments, in order to apply these equations to natural river flow, it is necessary to obtain suitable assessment. In this study, vertical velocity profile data measured by ADCPs in natural rivers in South Korea were used to evaluate previous methods for determining power law exponent and to find suitable application areas. The followings are the summary and conclusion of this study.
First, fitting of power law exponent for the measured vertical velocity data was conducted, followed with comparison of fitted power law exponents with those calculated by the previous four equations. In case of small bed roughness, because changes due to bed resistance were minimal, widely used powers such as Manning's 1/6 power or Blasius' 1/7 power compared to exponents calculated from equations were found to give suitable values. However, in cases of rivers in rough bed condition which have higher flow resistance, the value of power law exponent increased with flow resistance. This is because vertical velocity distribution of 1/6 th and 1/7 th power law shows discrepancy with log law in the range in which the effect of flow resistance is higher (that is, in the flow with relatively smaller 0 y y ) and also it is because larger values of exponents are more suitable in these ranges. Therefore, four previous equations can be viewed as more suitable for rivers in rough bed condition than those in smooth bed condition. Finally, we proposed the practical guide for determining the power law exponent appropriate for various flow conditions from vertical velocity distributions measured in natural river channels. 
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